Reliable predictive rules that relate protein sequence to structure would facilitate postgenome predictive biology and the engineering and de novo design of peptides and proteins. Through a combination of experiment and analysis of the protein data bank (PDB), we have deciphered and rationalized new rules for helixhelix interfaces of a common protein-folding and association motif, the antiparallel dimeric coiled coil. These interfaces are defined by a specific pattern of interactions among largely hydrophobic side chains often referred to as knobs-into-holes (KIH) packing: a knob from one helix inserts into a hole formed by four residues on the partner. Previous work has focused on lateral interactions within the KIH motif, for example, between an a position on one helix and a d position on the other in an antiparallel coiled coil. We show that vertical interactions within the KIH motif, such as a-a-a, are energetically important as well. The experimental and database analyses concur regarding preferred vertical combinations, which can be rationalized as leading to favorable side-chain interactions that we call constellations. The findings presented here highlight an unanticipated level of complexity in coiled-coil interactions, and our analysis of a few specific constellations illustrates a general, multipronged approach to addressing this complexity.
T
he ␣-helical coiled coil is a ubiquitous oligomerization domain found in a wide variety of proteins (1, 2) . Coiled-coil interactions direct and stabilize the multimerization of transcription factors, motor proteins, cytoskeleton components, extracellular matrix components, and membrane-fusion machinery (3, 4) . It has been estimated that 3-5% of translated protein sequences encode coiled-coil domains (5); indeed, we find that, of the current 46,968 entries in the protein databank (PDB), 2,738 (5.8%) contain coiled-coil interactions of some type (O.D.T. and D.N.W., unpublished data). Thus, deciphering rules that link the sequences of coiled coils to their assembly would have an impact on many aspects of postgenome predictive biology (6) and aid our ability to engineer or even design protein-protein interactions (1, 7, 8) .
The effects of sequence variation on coiled-coil stability have been widely studied (9) (10) (11) (12) (13) (14) (15) (16) , but substantial gaps in our understanding remain. For example, the vast majority of prior efforts have focused on parallel coiled-coil homo dimers, but other coiled-coil states are seen in Nature. Oligomers ranging from trimer through dodecamer have been observed, as have structures with different types (hetero-oligomers) or arrangements (parallel vs. antiparallel) of helices (3, 13, 17) . In particular, antiparallel coiled-coil dimers have received little attention despite increasing recognition of their structural and functional importance both as stand-alone motifs and as components of globular protein architectures. In the PDB, for example, we find 1,273 coiled-coil structures with Յ70% sequence identity; of these, 800 (63%) are antiparallel dimeric coiled coils (O.D.T. and D.N.W., unpublished data). Among this subset, 661 (83%) are intramolecular and the remainder are intermolecular helix associations (13, 18) . Even among the widely studied parallel coiled coils, only a limited set of factors has been shown to influence stability (1) (2) (3) (4) , and it seems likely that important determinants of stability and selectivity remain to be identified.
Here, we show that largely overlooked patterns of side-chain packing at the interhelical interface contribute to antiparallel coiled-coil dimerization selectivity. We use a unique experimental approach to evaluate the energetic significance of certain side-chain juxtapositions that have not been examined. We show how seemingly subtle side-chain variations can lead to surprising levels of dimerization preference. Furthermore, we demonstrate that findings from the model system reflect preferences among coiled-coil proteins of known three-dimensional structure.
As is true for all coiled coils, the formation of antiparallel coiled-coil dimers is driven by the burial of hydrophobic side chains arranged along one side of each participating ␣-helix. The helices typically display a ''heptad repeat'' of amino acid residues, with the heptad positions designated abcdefg. Hydrophobic side chains at a and d align to create the dimerization interface. Two or more such interfaces come together through the interdigitation of side chains, which Crick described as ''knobs-intoholes packing'' (KIH) (19) . As illustrated in Fig. 1 , each buried a or d side chain (a ''knob'') has a local packing environment (a ''hole'') that is defined by four side chains from the partner. We divide the four interhelical side-chain-side-chain contacts into two types ( Fig. 1 ): lateral interactions, for which a line between the two side chains is approximately perpendicular to the helix axis; and vertical interactions, for which a line between the two side chains is approximately parallel to the helix axis.
Most prior analyses of a or d side-chain interactions at the interface have focused on lateral interactions with aЈ or dЈ partners (the prime indicates that the residue resides in a different helix). Extensive work by Vinson et al., for example, has shown that the contribution of a given buried a side chain to parallel coiled-coil dimer stability depends on the identity of the lateral hydrophobic packing partner (a-aЈ interaction) (9, 12) . We have recently shown that lateral partners (a-dЈ) influence antiparallel coiled-coil stability (20) . To our knowledge, however, the contribution of vertical side-chain contacts to coiledcoil stability and pairing selectivity has not been analyzed in detail for either parallel or antiparallel coiled coils (21) . Indeed, given the amount of work necessary for previous studies of lateral pairing, the prospect of extending such an effort to examine vertical contacts might seem operationally daunting (9-16).
We have recently developed an experimental design that facilitates the rapid study of sequence-stability relationships among antiparallel coiled coils (20, (22) (23) (24) . Our model system (N T -C; Fig. 2 ) consists of two short ␣-helix-prone segments connected with a flexible linker that allows, but does not enforce, intramolecular coiled-coil association. The linking segment contains a central thioester bond to allow thiol-thioester exchange. When N T -C is combined with a small thiol-containing molecule in aqueous solution at neutral pH, thiol-thioester exchange occurs rapidly. The equilibrium constant (K TE ) provides insight on the noncovalent attraction between the two ␣-helical segments ( Fig. 2b) (20, 22) . This system is well suited to exploring how the interplay between mutations within each helix influences antiparallel coiled-coil stability. As illustrated in Fig. 3 , our original study focused on a lateral (a-dЈ) pair at the interface: an a position on the N-terminal helix, and a dЈ position on the C-terminal helix (20) . Synthesis of 10 short peptides (5 alternative residues at each guest site) enabled us to obtain ⌬G TE values (from K TE ) for 25 coiled-coil variants.
Here, we build on this experimental design to show that: (i) certain combinations of residues in the vertical aЈ-a-aЈ constellations are favored over others; (ii) vertical aЈ-a-aЈ constellations contribute significantly to stability and specificity in antiparallel coiled-coil dimers; (iii) our findings are robust and not systemdependent; (iv) the preferred combinations are mirrored in coiled coils of known three-dimensional structure; and (v) there is an energetically significant interplay among lateral and vertical interactions.
Vertical Contacts Affect Antiparallel Coiled-Coil Specificity and Stability. The vertical contact residues for the guest site at a in our model system are designated aЈ 1 and aЈ 2 ; Figs. 2 and 3). In our original study aЈ 1 ϭ aЈ 2 ϭ Leu (20) . To evaluate the importance of vertical contacts, we changed aЈ 1 and aЈ 2 to Ile for the 25 a-dЈ variants considered previously (Leu, Ile, Val, Ala, or Asn at a or dЈ). As shown in Table 1 , switching between aЈ 1 ϭ aЈ 2 ϭ Leu and aЈ 1 ϭ aЈ 2 ϭ Ile causes a significant change in stability for a number of lateral a-dЈ pairings. For example, the most stable lateral pairing changes from Ile-Leu when aЈ 1 ϭ aЈ 2 ϭ Leu to Leu-Leu when aЈ 1 ϭ aЈ 2 ϭ Ile. Interpretation of these differences, however, is complicated by the fact that Leu 3 Ile mutations at aЈ 1 and aЈ 2 lead to multiple changes in lateral and vertical contacts at the antiparallel coiled-coil interface.
To isolate the energetic contribution to coiled-coil pairing preference of vertical contacts within the aЈ 1 -a-aЈ 2 triad, we can consider hypothetical equilibria such as the one illustrated in Fig.  4 . These partial helix net diagrams represent the original N T -C design and three mutants thereof. In each of these thioesters dЈ ϭ Leu, whereas positions a, aЈ 1 , and aЈ 2 vary between Leu and Ile, with aЈ 1 ϭ aЈ 2 . The figure explicitly indicates the entire hole into which each a, aЈ 1 , or aЈ 2 knob inserts on intramolecular coiled-coil formation. The only difference between the pair of coiled coils on each side of the equilibrium arrows is the identity of the vertical contacts within each aЈ 1 -a-aЈ 2 triad (Leu-Leu-Leu and Ile-Ile-Ile ''homo-triads'' on the left, Leu-Ile-Leu and Ile-Leu-Ile ''hetero-triads'' on the right). ⌬G TE values for each of the four coiled coils in Fig. 4 indicate ⌬⌬G ϭ Ϫ0.8 kcal/mol for this equilibrium. Below, we use the term ''discrimination energy'' (DE) to describe this type of thermodynamic comparison, because DE tells us about the extent to which one pattern of interhelical pairing is favored relative to another. The result of the equilibrium in Fig. 4 is designated DE LI because we are comparing the impact of the vertical environments provided by aЈ 1 ϭ aЈ 2 ϭ Leu vs. aЈ 1 ϭ aЈ 2 ϭ Ile. More specifically, we can designate this result as DE LI (L/I) to indicate that the left side has a ϭ Leu in the Leu-a-Leu vertical triad, and a ϭ Ile in the Ile-a-Ile vertical triad. The deduced DE LI (L/I) value indicates that the sum of vertical contacts in the Leu-Ile-Leu plus Ile-Leu-Ile vertical hetero-triads is 0.8 kcal/mol more favorable than the sum of vertical contacts in the LeuLeu-Leu plus Ile-Ile-Ile vertical homo-triads.
Testing the Ile/Leu Triads in an Independent System. The information gleaned from our thioester-based model system will not be useful unless it is broadly applicable to antiparallel coiled-coil dimers. We turned our attention to a different system to test generality. Very few heterodimeric antiparallel coiled coils have been subjected to careful biophysical scrutiny (18) ; among the bestcharacterized examples is a design generated by Oakley et al. (25) This system consists of negatively charged (''acid'') and positively charged (''base'') partners. The hydrophobic core comprises primarily leucine residues, with Asn at a single a position on each component to control relative helix orientation. The Oakley system is illustrated in Fig. 5 , which identifies the sites we used for substitutions. The vertical triad on which we focus comprises the residues designated a*, aЈ 1 *, and aЈ 2 * in Fig. 5 ; in the original sequence, all three of these residues are Leu. This system should be sufficiently different from our thioester system to represent a valid test for generality because the Oakley helices are twice as long as the helical segments in N T -C, and the residues at the b, c, and e-g positions vary significantly between the two systems. A key similarity between the two model systems is a leucine-rich hydrophobic interface, which enables the comparison of specific interfacial mutations in these different antiparallel coiled-coil contexts.
In the Oakley heterodimer, the side chain from residue a*, an a position on the acid peptide, fits into a hole on the base peptide defined by one lysine and three leucine residues (which include aЈ 1 * and aЈ 2 *). We prepared the a* ϭ Ile mutant in addition to the original acid peptide. Two base peptides were prepared, the original sequence (aЈ 1 * ϭ aЈ 2 * ϭ Leu) and a double mutant (aЈ 1 * ϭ aЈ 2 * ϭ Ile), so that we could change the vertical contact residues for a*. We examined all four acid-base peptide pairings, that is, the coiled coils that contain all four possible vertical triads among Leu-Leu-Leu (the original Oakley design), Ile-Ile-Ile, Leu-Ile-Leu, and Ile-Leu-Ile. Analytical ultracentrifugation showed that each acid-base pair is dimeric [see supporting
Urea-denaturation experiments revealed significant differences in the four coiled-coil stabilities (Table 2 ). There is a reasonable correlation between ⌬G Urea for the four acid-base peptide pairs and ⌬G TE for the analogous members of the thioester system (Fig.  6) , which is noteworthy in light of the substantial differences between the two coiled-coil systems. (These differences include variation in the magnitude of ⌬G for coiled-coil formation: Ϫ8 to Ϫ11 kcal/mol for the Oakley system vs. Ϫ1.4 to Ϫ2.1 for the thioester system.) The four ⌬G Urea values can be used to calculate DE LI (L/I) ϭ Ϫ3.2 kcal/mol for the Oakley system. In a complementary study, we prepared derivatives of the two acid and two base peptides bearing N-or C-terminal cysteine residues, respectively, to allow direct determination of the discrimination energy under native conditions by disulfide exchange (26) (27) (28) . This approach indicated DE LI (L/I) ϭ Ϫ2.6 kcal/mol, in good agreement with the value deduced from the unlinked species. Overall, the experiments based on the Oakley antiparallel coiled coil are consistent with the thioester experiments in revealing that vertical hetero-triads containing Leu and Ile are preferred relative to the homo-triads. The quantitative differences between the two systems suggest that the thioester approach underestimates vertical contact energetics, perhaps because in this case the aЈ 2 position is near the ''open'' end of the helical hairpin and thus may be subject to fraying (29) , which could reduce the measured free energies. Table 1 . . By using these resources, we searched the PDB for examples of antiparallel two-helix coiled-coil structures with 70% sequence identity or less. From this subset we culled examples of vertical residue triads (aЈ-a-aЈ) in which a was Leu or Ile and the residues at aЈ were either both Ile or both Leu; these vertical triads allow comparison with our experimental studies. Defining the residues at each site in the aЈ-a-aЈ vertical triads limited the number of coiled-coil substructures returned in our searches: there were 2,072 KIH interactions for all types of aЈ-a-aЈ vertical triads in the subset of antiparallel two-helix coiled-coil structures, but only 162 that matched our constraints. Nonetheless, the number of structures was sufficient to perform reliable analyses and draw conclusions. Table 3 gives the raw counts for each of the residues at the central a position in the different vertical backgrounds, aЈ ϭ aЈ ϭ Ile or aЈ ϭ aЈ ϭ Leu. Expected numbers for each combination were calculated based on the frequencies of these residues at the a sites of all KIH interactions in the coiled-coil database with sequences Յ70% identical. The ratio of the observed/expected numbers is effectively a propensity for a side chain to be in the specified environment. Gratifyingly, the hetero-triads have favorable propensities (Ͼ1) and the homo-triads are disfavored, which is consistent with the model system results. Furthermore, by analogy with the theoretical equilibrium shown in Fig. 4 , the data of Table 3 can be used to calculate a theoretical discrimination energy DE LI (L/I)Ј ϭ Ϫ0.81 kcal/mol. The similarity of this result to the experimental DE value is remarkable, although both values are subject to errors. Thus, the trend highlighted by the experimental model studies is precisely mirrored in the coiled-coil structures of the protein databank: the vertical hetero-triads Leu-Ile-Leu and Ile-Leu-Ile are preferred relative to the homo-triads Leu-Leu-Leu and Ile-Ile-Ile.
Preferred Side-Chain Constellations. For each of the homotypic and heterotypic vertical triads containing Leu and Ile residues, the structures found in the CCϩ database were superimposed (Fig.  7) . We have used such superimpositions for rationalizing statistically favored interstrand side-chain-side-chain interactions in ␤-sheets (30) . The overlaid structures reveal that the statistically favored heterotypic combinations, Leu-Ile-Leu and Ile-Leu-Ile, are the ''tightest'' structurally, as indicated by two types of analysis. First, we calculated the rmsd values measured across the side-chain heavy atoms for each of the four sets of superimposed structures. The rmsd values were smaller for the statistically favored vertical hetero-triads (0.96 Å for Leu-Ile-Leu and 0.77 Å for Ile-Leu-Ile) relative to the homo-triads (1.58 Å for Ile-Ile-Ile and 1.52 Å for Leu-Leu-Leu). This trend suggests that Expected numbers were calculated by using the percentage of occurrence of Ile and Leu at all a sites of coiled-coil structures in the CCϩ database with 70% sequence identity or lower. These values are 16% and 24%, respectively. Note: the theoretical DELI(L/I)Ј value is equal to ϪRT(ln(26/6) Ϫ ln(21/19)); the ratios of the raw numbers for Ile at both sites or Leu at both sites are self-normalizing, though the same result is obtained by using the normalized values (ϪRT(ln1.6 Ϫ ln 0.9 ϩ ln1.3 Ϫ ln 0.6)). (41), and rendered in PYMOL (42) . The PDB and associated chain and residue identifiers for these structures are given in SI Table 12 . For each overlay, a representative backbone is shown to guide the eye (backbone rmsd ϭ 0.33-0.86 Å for the four Ile-Leu combinations at aЈaaЈ).
the favored vertical triads lead to preferred conformations of side chains, or what we term preferred side-chain constellations.
In a second mode of analysis, we examined the side-chain dihedral angles for all four vertical triads culled from the CCϩ database (see SI Table 12 ). The results indicate that the heterotriads sample fewer of the possible side-chain conformations than do the homo-triads. This trend supports the notion that the conformational space sampled is tighter for the favored heterotriads than for the homo-triads. Indeed, for the hetero-triads, preferred side-chain conformations were apparent. For instance, the dominant constellation for Leu-Ile-Leu had Ile in the g Ϫt conformation and both Leu in t gϩ; for Ile-Leu-Ile, the dominant constellation had the side-chain conformation pattern g Ϫt, t gϩ, g Ϫt. Each side-chain conformation in these dominant constellations is fully compatible with the ␣-helix. All Ile display the g Ϫt conformation, which is the favored rotamer (81%) for Ile in ␣-helices (31), and all Leu display t gϩ, the second-most populated conformer (30%) for Leu in ␣-helices. Further inspection of the structures revealed that in the homo-triads only ''glancing'' contacts are made between individual methyl groups from different side chains. In contrast, in the favored heterotriads more intimate contacts occur between side chains, with the terminal methyl groups of the knob making multiple contacts with the vertical partners to give ''nested-packing'' interactions (32) .
Interplay Among Vertical and Lateral Interactions. The analyses described above show that the data obtained by using our thioester-based antiparallel coiled-coil model system provide insight that is relevant to side-chain-side-chain packing preferences in natural coiled coils. This correlation encouraged further analysis of the data in Table 1 As a prelude to exploring the interplay between lateral and vertical interactions, we used an absolute DE LI value of Ն0.4 kcal/mol (twice the estimated experimental uncertainty) as the criterion to identify those cases in which there is a significant preference for one pair of dimers relative to the alternative pair. By this criterion, 21 of the DE LI values generated from our ⌬G TE data (42%) are significant. This proportion indicates that the impact of vertical interactions within antiparallel coiled coils is not limited to the Leu-Ile combinations examined above, but rather that many vertical triads can exert a substantial influence on antiparallel coiled-coil dimerization selectivity.
Comparison among the five sets of 10 DE LI (X/Y) values indicates that there is an energetically significant interplay between the lateral partner dЈ and the vertical partners aЈ in their interactions with an a residue from the partner helix (a knob fitting into an aЈ, dЈ, aЈ, eЈ hole). We illustrate this point in Fig.  8 by comparing the significant DE LI values for dЈ ϭ Leu and for dЈ ϭ Ala. (Analogous results for dЈ ϭ Ile, Val, and Asn may be found in SI Fig. 18 .) This comparison shows that the identity of dЈ can determine whether DE LI is significant for an X/Y pair as the knob residues (a). To our knowledge, all published efforts to account for or predict sequence-stability or sequenceselectivity relationships among coiled coils focus on pairwise interactions between side chains that are brought into contact on coiled-coil formation. The distinctions among our dЈ ϭ Leu and dЈ ϭ Ala datasets, however, show that the energetic impact of having both vertical neighbors (aЈ) Ile or both Leu on the knob residue at a is influenced by the identity of the dЈ residue. Thus, treating vertical contacts in a simple pairwise or even triad fashion is not adequate for complete rationalization of coiledcoil stability or pairing preference. Similarly, treating lateral interactions in a simple pairwise fashion is not adequate, because of interplay involving vertical contacts (see SI Fig. 19 ).
Conclusions.
We have uncovered a substantial thermodynamic influence exerted by previously unexplored patterns of intermolecular side-chain contacts at antiparallel coiled-coil interfaces. Our results provide the first quantitative analysis of vertical contact effects on coiled-coil pairing preference. Data derived from model systems indicate that vertical packing interactions involving buried side chains at a positions of the coiled-coil heptad repeat can have a significant effect on antiparallel dimerization selectivity. This trend is found in natural antiparallel coiled-coil dimers of known structure, with certain aЈ-a-aЈ hetero-triads, Ile-Leu-Ile and Leu-Ile-Leu, favored relative to the corresponding homo-triads. Analyses of the favored struc- tural motifs reveal preferred constellations in which the side chains adopt favorable dihedral angles and form intimate contacts.
Based on these results, it seems likely that vertical interactions represent an important but largely unrecognized component of the ''code'' that determines coiled-coil interaction preferences in complex biological environments. Past studies of coiled-coil pairing preferences, mostly involving parallel dimers, have identified relatively few mechanisms by which selectivity can be achieved. This limited set of rules has allowed considerable progress in the areas of coiled-coil prediction and design (1, 3), but our findings suggest that additional advances will be possible based on a more sophisticated treatment. Previously elucidated factors include lateral pairing of nonpolar side chains (9-16), which is driven by stereochemical complementarity, and lateral pairing of polar side chains (9) (10) (11) (12) (13) (14) (15) (16) 33) , which is driven by hydrogen bonding (at least for Asn-Asn pairs). In addition, pairing preferences are influenced by the electrostatic interactions (attractive or repulsive) between ionized side chains (34) (35) (36) (37) (38) (39) . Our findings indicate that vertical interactions must be considered as well if we are to understand the origins of dimerization selectivity among natural coiled-coil sequences and expand current abilities to predict and design such interactions. Here, we have explicitly addressed interactions associated with aЈ-a-aЈ vertical triads in antiparallel dimers, but the approaches we have used can readily be extended to dЈ-d-dЈ-type vertical interactions at antiparallel coiled-coil interfaces, to dЈ-a-dЈ and aЈ-d-aЈ vertical interactions at parallel coiled-coil interfaces, and to other more-complex combinations of side chains.
In addition to highlighting the role of vertical contacts at coiled-coil interfaces, our results show that simple pairwise analysis of side-chain-side-chain interactions at such interfaces does not fully capture the factors that control stability or partner preference. High-fidelity interactions are common and necessary in biology, and proteins must find their partners in the cellular milieu efficiently and without engaging in promiscuous associations. Coiled-coil motifs represent a natural mechanism for guiding and cementing protein-protein interactions. Because 3-5% of the proteome is estimated to encode such motifs (5), however, selectivity in coiled-coil pairing constitutes an extraordinary feat of molecular recognition and discrimination. Our results provide an expanded framework for exploring partner selectivity among natural coiled-coil sequences and for designing new sequences that display high-fidelity pairing with a specified partner.
Methods
Backbone Thioester Exchange Assays. Assays were typically initiated by mixing Ϸ0.1 mM each peptide in 50 mM buffer (phosphate, pH 7) and by allowing equilibration for 90 min. Details are provided in SI Text.
Analysis of PDB Structures. The November 1, 2007, release of the PDB (40) was searched for helix-helix interactions with knobs-into-holes packing by using the program SOCKET (14) with a packing cutoff of 7.0 Å. More sophisticated searches were used to create a subset comprising two-helix, antiparallel coiled-coil motifs with 70% sequence identity at the most, and with ␣-helices longer than 11 aa. Full details of CCϩ and our analysis interface will be presented elsewhere. Amino acid frequencies from this subset of interactions were normalized as described in the text.
